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INTRODUCTION
Preliminary cation-exchange tests were done in the laboratory to examine removal of Cu, Zn, and Pb from clinoptilolite-rich rocks (CRRs) that had captured these metals from water in five heavy-metal-polluted drainages (HMPDs) during field tests in Colorado in 1993 (Desborough, 1994) . These sites are shown on figure 1. Schultz and Zamzow (1993) were very successful using CRR to capture heavy metals from very acidic mine water (pH = 2.2) and then regenerating the CRR (removing the metals from it) with 20 weight percent NaCl solutions. Similarly, Vos and O'Hearn (1993) successfully used the zeolite group mineral phillipsite to capture heavy metals from acidic mine wastewater (pH = 3.6) and subsequently regenerated the phillipsite with both synthetic three weight percent NaCl solutions and sea water. We are not aware of other studies concerning the removal of heavy metals from natural zeolite that captured heavy metals from waste streams or natural drainages of pH >4.
Some of these heavy-metal-removal tests were designed to examine the relative permanence of heavy-metal sequestration by CRRs; this was done to evaluate passive use of CRRs in HMPDs and other environments with soluble heavy metals such as soils, mine tailings, municipal waste disposal areas, and hazardous waste disposal sites. Heavy-metal sequestration in some CRRs may isolate and immobilize heavy metals enough to meet the "Toxicity Characteristic Leaching Procedure" (TCLP) standards of the Environmental Protection Agency (1990, EPA Method 1311). If so, this could reduce disposal costs for some otherwise "hazardous waste."
In 99 preliminary laboratory experiments, solutions of ammonium sulfate, sodium chloride, and dilute acetic, sulfiiric, and hydrochloric acid were used; a range of CRRrexchange solution ratios and different experimental durations were also used. The last set of 36 separate exchange tests was done using 25 weight percent NaCl solutions in a CRR:solution ratio of 1:3. Cation-exchange tests using ammonium (NH4+) were done to evaluate heavy-metal mobility, or solubility, under conditions where highly soluble synthetic fertilizers are used in agricultural environments. Table 1 lists the localities and abbreviations used for the CRR samples studied here. Chemical and mineralogical data for these are given in the Appendix. Samples of sized clinoptilolite-rich rocks (CRRs) that were exposed to water in five heavy-metal-polluted drainages (HMPDs) in 1993 (Desborough, 1994) were used for this cationexchange study. These CRR samples (2.0x4.7 mm) had been analyzed previously for heavy metals and were powdered (95 percent < 0.15 mm) to make them suitable for nondestructive energy-dispersive X-ray analysis. These samples were exposed to different exchange solutions in the laboratory at several CRR: solution weight ratios for fixed periods of time. Samples were at rest during exposure to exchange solutions. All cation-exchange tests in the laboratory used reagent-grade cation salts and reagent-grade acids; tap water was used to make all solutions. After exposure to each exchange solution, samples were washed with water to remove soluble salts, retained on filter paper, dried at 50°C, and then analyzed to determine their heavy-metal content after the exchange. The precision of the measurements for Cu and Zn is better than 10 percent, relative; for Pb precision is about 10 percent, relative. Results are reported to three significant figures because each is the mean of three separate analyses. A series of 99 preliminary experiments was conducted for use as a guide in subsequent cation-exchange studies. Tables 2 through 5 tabulate the results of these experiments. These tables are organized by drainage basin, one table each for the four HMPDs in which CRRs were placed to capture metals from the water. Results from experiments on CRRs immersed in the fifth drainage, the Argo tunnel, will be presented separately.
RESULTS OF PRELIMINARY EXCHANGE EXPERIMENTS
The ammonium sulfate exchanges were done to examine heavy-metal mobility at relatively high and low ammonium concentrations. The lowest concentration of ammonium sulfate used (0.25 weight percent) approximates maximum agricultural applications of synthetic fertilizer for high-value crops such as potatoes or corn (Kenneth Barberick, Colorado State University, oral commun., 1993). All CRRs show some Zn and minor Pb exchange for the high concentrations of ammonium sulfate; however, at lower concentrations of 0.25 and 0.5 weight percent of ammonium sulfate, the South Dakota (SD) CRRs retain nearly all of the captured Pb and most of the Zn. Figure 2 shows the percentages of captured Zn remaining in the CRRs after exposure to the ammonium sulfate solutions listed in table 2. The South Dakota samples retained 87 to 100 percent of the captured Zn. Figure 3 shows the percentages of captured Pb remaining in the CRRs after exposure to the ammonium sulfate solutions listed in table 2; all samples retained 88 to 100 percent of the Pb. Therefore, some CRRs may be of use for soil amendment in agricultural applications after heavy-metal capture. The South Dakota CRRs seem to sequester the Pb at low concentrations of ammonium sulfate even where CRR:exchange solution ratios are 1:10. Because of the large amounts of exchangeable Na in the FLW CRR, it would be inadvisable to use it for agronomic purposes without major chemical pretreatment for removal of exchangeable Na. Sodium is toxic to most plants.
For the 20 and 25 weight percent NaCl exchanges, the FLW and TT CRRs lost much more Zn and Pb to the Na-rich solution than did the three SD CRRs that released no Cu or Pb during the 47-hour exchange (table 2). As will be shown later, this apparent discrepancy is due to the different pH's of the water in the HMPD from which the CRRs originally collected the Cu, Zn, and Pb. The samples exchanged with the 20 weight percent NaCl solution collected their metals from water with a mean pH of 4.6, whereas the 25 weight percent NaCl exchange Pb, ppm before exchange Figure 3 . Concentrations of lead in clinoptilolite-rich rocks (CRRs) before ammonium sulfate exchange versus the percentage remaining after the exchange. SD refers to South Dakota samples. Data from table 2, and the samples were initially exposed to California Gulch drainage water.
experiments were performed with samples of CRR that collected their metals from water with a pHofS.5. In the 119-hour experiments, using the 0.25 weight percent ammonium sulfate solution, no significant amounts of Cu, Zn, and Pb were lost to the solutions (table 2) .
The last exchange experiment listed in table 2 was designed to simulate the Toxic Contaminant Leach Procedure (TCLP) defined by the U.S. Environmental Protection Agency (U.S. EPA, 1990) . In this exchange in glacial acetic acid for 118 hours, no Pb was leached from the CRRs. Examination of the data in table 3 for the CRRs exposed to the upper Mineral Creek HMPD shows that the 18.2 weight percent NaCl solution removed most of the Cu and Zn from FLW, but only 50 percent of the Pb was removed. For TT, more than 85 percent of the Cu and Zn were removed.
In the pH = 3 HC1 exchange, significant amounts of Cu, Zn, and Pb were removed from all of the CRRs, except for SDA which retained all of the captured lead. Table 4 lists the results for exchange experiments on CRRs exposed to the water in the Rawley mine drain at Bonanza. For the first high and low ammonium sulfate concentration exchanges in table 4, only minor amounts of Cu and Zn were removed from the CRRs, except for TT which lost more than 50 percent of the Zn. About 10 percent of the Pb was removed from one of the CRRs, and this amount could be due to a 10 percent, relative, analytical error.
For the 20 weight percent NaCl exchanges in table 4, small amounts of Cu, Zn, and Pb were mobilized from all of the CRRs, except for SDA which retained all of the initial Pb.
In the 30 weight percent ammonium sulfate exchanges shown in table 4, only the SDA and SDC CRRs retained all of the initial Pb, but the other samples lost only small amounts. Large amounts of Zn and Cu were lost by FLW and TT.
For the sulfuric acid pH = 4 exchange, SDA and SDC retained all of the Pb, but the other CRRs did not. Very little Cu was removed in this exchange, but FLW and TT lost large amounts of Zn.
In the final 0.25 weight percent ammonium sulfate (675 mg/L NH4+) exchange of table 4, essentially all of the Cu, Zn, and Pb were retained by all of the CRRs. Figure 4 shows the percentages of Zn remaining in the HMPD-exposed CRRs after the 19 NaCl exchange experiments listed in tables 2, 3, and 4. For rock:water ratios of 1:3, the SD CRRs all retained more than 60 percent of the Zn, whereas the FLW and TT CRRs retained between 20 and 30 percent of the Zn. For the rock:water ratios of 1:6, all of the CRRs retained less than 35 percent of the Zn. Figure 5 shows the percentage of Pb remaining in the HMPD-exposed CRRs after the 19 NaCl exchange experiments listed in tables 2, 3, and 4. For rock:water ratios of 1:3, the SD CRRs retained 80 to 100 percent of the Pb, while the FLW and TT CRRs retained only 38 to 68 percent of the Pb. For rock:water ratios of 1:6, all the CRRs retained only 18 to 81 percent of the Pb; however, the amounts of Pb captured initially were less than 275 ppm ( fig. 5 ). Pb, ppm before exchange Figure 5 . Concentrations of lead in clinoptilolite-rich rocks (CRRs) before sodium chloride exchange versus the percentage of lead remaining after the exchange. SD refers to South Dakota samples. Data from tables 2, 3, and 4. Table 5 shows the results for 24 exchange experiments for CRR samples exposed to the Wellington drain, which is chiefly contaminated by Zn and Pb. In the initial 18 weight percent NaCl exchange, different amounts of Zn were exchanged out of all the CRRs; all of the Pb remained in all but three CRRs.
In the 10 weight percent NaCl solution with pH = 2.6, considerable amounts of Zn were exchanged, but Pb remained unchanged for CCO, FCEN, HLO, SDA, and SVO. FLW lost the greatest amounts of both Zn and Pb.
For the third set of experiments in table 5, the 10 weight percent NaCl solution had no influence on the Pb concentrations of the CRRs, but 57 percent of Zn was exchanged by FLW. 
SECONDARY EXCHANGES IN NEAR-SATURATED NaCl REGENERANT SOLUTIONS
The final CRR tests were done using 25 weight percent NaCl solutions in a CRR:exchange solution ratio of 1:3. All CRR samples were powders (95% <0.15 mm) so that exchange reactions would be rapid. All exchange periods were 71.5 or 72 h with exchange media at rest. The pH of each of these solutions was measured once each day during the experiments. The near-saturated NaCl solution is here called the regenerant solution, inasmuch as captured heavy metals that are displaced from the CRRs become dissolved, and the CRRs are, ideally, regenerated to become free of captured heavy metals (Schultz and Zamzow, 1993) . This process occurs with some CRRs but not others. Only three of the best performing CRRs (of the six tested side-by-side for heavy-metal capture in the HMPDs) were selected for the final laboratory exchange studies. This subset of CRRs was chosen because these CRRs were at least 50 percent better at capturing metals than the other CRRs tested (Desborough, 1994) .
For all the results presented in tables 6, 7, 8, and 9, the exchanges presented in each table were done simultaneously using five grams of CRR and 15 ml of each exchange solution. Table 6 shows that raw FLW captured the most Cu and Zn in the Argo tunnel drain; this CRR also had the overall highest exchange of combined Cu+Zn in the 25 weight percent NaCl regenerant solution. Most of the CRRs exchanged between 86 to 92 percent of Cu+Zn; however, the SDA CRR exchanged 42 to 54 percent of the Zn but none of the Cu. The final pH of the NaCl-regenerant solution for most of the CRRs was 3.1 to 3.6, but for the SDA CRRs the range was 5.1 to 5.4 because of their greater preference for H+ over Na+ . Table 7 gives the results for the 25 weight percent NaCl laboratory exchanges for those raw CRRs that captured the most heavy metals at the lower and upper California Gulch test sites in 1993 (Desborough, 1994) . Although the laboratory test period was only 72 h, the results indicate that less than about 50 percent of the heavy metals were exchanged (table 7) , except for FLW of the upper California Gulch test where 72 percent of the metals were exchanged. Table 8 shows the results for 25 weight percent NaCl laboratory exchanges of the three best performing CRRs tested for heavy-metal capture at upper Mineral Creek and two tests at the Rawley tunnel at Bonanza. For CRRs tested at the upper Mineral Creek site, 81 to 89 percent of the Cu+Zn+Pb were removed. For the six tests of Rawley tunnel exposed CRRs, less than 70 percent of the Cu+Zn+Pb were removed. Table 9 shows the results for 25 weight percent laboratory exchanges for the three best performing CRRs for heavy-metal capture for samples exposed during two tests at the Wellington mine drain. For all six tests, less than 70 percent of the metals were removed, and for the SDA and SDC samples, only 16 to 20 percent of the metals were removed. 
DISCUSSION OF RESULTS
The exchange data were evaluated to explain the wide range of extractability observed in the cation exchange experiments. The HMPD-exposed CRRs for the 25% NaCl exchanges of tables 6, 7, 8, and 9 were treated identically in the laboratory; therefore the different amounts of Cu, Zn, and Pb remaining in these CRRs after exchange must be due to some factor or factors independent of laboratory conditions. One significant factor is the pH of the HMPD to which the raw CRRs were exposed. The term "mean pH," for the purposes of this report, represents the average of the pH of the water at the sample site at the time of CRR immersion and at the time of sample removal (Desborough, 1994) , as continuous pH monitoring was not done. Figure 6 shows the percentage of Cu remaining in 24 CRRs after exchange in 25 weight percent NaCl solutions versus the mean pH of the sample site in the HMPD. For nine of the 11 exchange experiments that used SD CRRs, the CRRs retained more than 85 percent of the Cu; in the other tests, it retained 55 percent and 28 percent. All of the other CRRs retained 25 percent or less of the Cu, except for two FLW samples from sample sites with pH's of 6 and 7, which retained 66 and 92 percent of Cu, respectively. Figure 7 shows the percentage of Zn remaining in 36 CRRs after exchange in 25 weight percent NaCl solutions versus the mean pH of the sample site. There are two distinct groups of data. One group retained between 46 and 96 percent of the Zn. All of these are samples of the SD CRRS. With one exception (46 percent Zn retained and pH = 7.1), all of the CRRs from other localities retained less Zn than the SD CRRs. It is noteworthy that the two groups plot with an apparent positive relationship between increasing pH of the HMPD water and the amount of Zn retained after the 25 weight percent NaCl exchange. Figure 8 shows the percentage of Pb remaining in 22 CRRs after exchange in the NaCl solutions versus the mean pH of the sample site. Those CRRs that captured less than 100 ppm of Pb from the water are not shown because of the poor precision of the Pb analysis. Eleven of the 12 SD CRRs retained more than 85 percent of the captured Pb; one with 175 ppm of Pb retained only 57 percent. Eight FLW CRRs retained between 41 and 91 percent of the Pb. Two other CRRs, CHI and SVO, retained 92 percent and 39 percent of the Pb, respectively. Figure 9 shows the percentage of Cu+Zn+Pb remaining for 36 CRRs after exchange in 25 weight percent NaCl solutions versus the mean pH of the sample sites. Two groups of CRRs are again recognizable. The 13 CRRs of the upper group are all SD samples; however, two SD CRR samples plot in the lower group of other CRRs. Some correlation exists between the mean pH of the HMPD water and the amounts of heavy metals retained after exposure to 25 weight percent NaCl solutions. It is clear that the SD CRRs generally retain more Cu, Zn, and Pb than the other CRRs after exposure to nearly saturated NaCl solutions.
The stronger preference of the South Dakota CRRs for H+, compared to CRRs from three other deposits, was demonstrated by Desborough (1993, figs. 1,2 , and 3) in laboratory studies that used serial exposures of each CRR to acidic and then NaCl-saturated solutions of neutral pH. This same H+ preference of the SD CRRs is observed in this study. Figure 10 contrasts the SD CRRs and the other CRRs regarding the mean pH of the HMPD water and the final pH of the NaCl exchange solution. The initial pH of all 36 of the 25 percent NaCl exchange solutions was 8.1. For most of the 25 percent NaCl exchange experiments for SD CRRs, the final pH of the exchange solutions was significantly higher than the exchange solutions of the other CRRs ( fig. 10 ). Regression analysis yields an R2 = 0.91 (n = 21) for the "other CRRs" shown on figure 10 ; the R2 value for the "SD CRRs" is only 0.52 (n = 15). final pH of NaCI exchange solution Figure 10 . Relations of the mean pH of HMPD water and the influence on the final pH of the 25 percent NaCI exchange solution. SD refers to South Dakota clinoptilolite-rich rocks (CRRs). R2 , or variance, indicates how strongly the variables are correlated, number of observations. n = CRRs equilibrate with acidic solutions in less than 24 hours with water: rock ratios of 4:1 (Desborough, 1993) ; most of H+ capture occurs in the first 30 minutes. For this study, the CRRs that captured heavy metals from HMPD waters were exposed to the 25 percent NaCl exchange solutions for 3 days in order to assure equilibration.
It is well known that, in general, the solubility of heavy metals such as Cu, Zn, and Pb increases as solution pH decreases. Conversely, these three metals become less soluble at higher pH. It is chiefly for this reason that the pH of the 25 percent NaCl exchange solutions controls the amounts of Cu, Zn, and Pb released from most of the CRRs. This pH effect is evident in the first two data sets of table 5 where the acidified 10 percent NaCl exchange solutions (pH = 2.6) caused removal of more Zn than the 18 percent NaCl solutions for all of the CRRs except SDA. Figure 11 is a plot of the Zn remaining in the 36 CRRs versus the final pH of the NaCl exchange solutions. Regression analysis of these data gives an R2 = 0.87 (n = 36), indicating a strong positive correlation between these two variables. Figure 12 shows the same relations for Pb for 22 CRRs that captured Pb; regression analysis yields R2 = 0.72 (n = 22). Figure 13 illustrates the sum of Cu+Zn+Pb remaining in the 36 CRRs versus the final pH of the exchange solutions and regression analysis yields R2 = 0.88 (n = 36), indicating a good correlation. The regression analyses for correlation, shown on figures 11, 12, and 13, illustrate the influence of the final pH of the exchange solution on the amount of metal exchanged by the CRRs.
The mobility or exchangeability of heavy metals captured by CRRs appears to be a function of several factors: (1) the pH of the initial heavy-metal-bearing water, (2) the concentration of the exchange medium, (3) the CRR:exchange medium ratio, (4) pH of the exchange medium, and (5) the CRR used. The South Dakota samples (SD1, SDA, and SDC) are generally much more resistant to the extraction of Cu, Zn, and Pb than the other CRRs using the same exchange media; this seems to be related to their stronger preference for H"1" than the other CRRs. This stronger preference for H+ results in a higher pH of the exchange solution, and thus a decreased exchangeability of Cu, Zn, and Pb. For all of the CRRs tested in 145 exchange experiments, Pb is the most difficult to remove.
It may be important to recognize the significant differences in Pb retention for two of the most frequently tested CRRs FLW and SDA. Each of these CRRs was field tested side-by-side and laboratory exchanged side-by-side in 17 tests (tables 2-9). Table 10 shows the mean and range for Pb captured from polluted drainage water and the mean and range of the amounts of Pb lost in these 17 exchanges for these two CRRs; only the ammonium sulfate and sodium chloride exchanges are shown. The mean amounts of Pb captured are similar for both CRRs. However, the mean amounts of Pb lost by FLW is six times greater than that lost by SDA. Figure 13 . Relations of the percent of Cu + Zn + Pb remaining in clinoptilolite-rich rocks (CRRs) after 25 percent NaCI exchange to the final pH of the 25 percent NaCI exchange solution. R2, or variance, indicates how strongly the variables are correlated, n = number of observations.
SUMMARY
Only some of the raw CRRs tested in 1993 are quite efficient in capturing Cu, Zn, and Pb from HMPD water ranging in pH from about 3 to about 9. Data given here concerning the mobility or cation-exchangeability of Cu, Zn, and Pb captured from HMPD water by raw CRRs may provide avenues to consider "semi-permanent" sequestration of these elements in some CRRs, or for the repeated capture and removal of these elements.
The FLW CRR is most efficient for capture of Cu and Zn in acidic (pH <5) HMPDs; both Cu and Zn can be easily removed from this CRR with NaCl exchange. It is not clear whether Pb, which is not effectively removed by NaCl exchange, may eventually diminish the Cu and Zn loading capacity after several regenerations of FLW.
The South Dakota CRR has much greater heavy-metal-retention characteristics than the other CRRs, and thus it might be used passively to capture and then retain these heavy metals.
It appears that heavy metals captured by CRRs from waters with pH above about 5 could not be efficiently removed by NaCl exchange regeneration using near-neutral solutions. Acidified NaCl exchange solutions might be more effective for heavy-metal removal from some CRRs after exposure to HMPD water, but this possibility has not been thoroughly investigated. 
APPENDIX (continued)
Dilutant minerals in clinoptilolite-rich rocks from 11 deposits in the Western U.S. and British Columbia, Canada. Determined by X-ray diffraction (Desborough, 1994) .
[Minerals listed in order of decreasing abundance; "clay" refers to layer silicates with a 10-angstrom spacing; tr. 
